We previously revealed that tumor suppressor ATBF1 formed an autoregulatory feedback loop with estrogen-ERα signaling to regulate estrogen-dependent cell proliferation in breast cancer cells. In this loop, ATBF1 inhibits the function of estrogen-ERα signaling while ATBF1 protein levels are fine-tuned by estrogen-induced transcriptional upregulation as well as ubiquitin proteasome pathway (UPP)-mediated protein degradation. Here we show that the estrogenresponsive finger protein (EFP) is an E3 ubiquitin ligase mediating estrogen-induced ATBF1 protein degradation. Knockdown increases but overexpression of EFP decreases ATBF1 protein levels. EFP interacts with and ubiquitinates ATBF1 protein. Furthermore, we show that EFP is an important factor in estrogen-induced ATBF1 protein degradation in which some other factors are also involved. In human primary breast tumors, due to both as directly-upregulated ERα target gene products, the levels of ATBF1 protein are positively correlated with the levels of EFP protein. However, the ratio of ATBF1 protein to EFP protein is negatively correlated with EFP protein levels. Functionally, ATBF1 antagonizes EFP-mediated cell proliferation. These findings not only establish EFP as the E3 ubiquitin ligase for estrogen-induced ATBF1 protein degradation, but further support the autoregulatory feedback loop between ATBF1 and estrogen-ERα signaling and thus implicate ATBF1 in estrogen-dependent breast development and carcinogenesis.
Introduction
ATBF1, whose gene was first isolated from human hepatoma cells based on the ability of its product to bind an AT-rich enhancer element of the human α-fetoprotein (AFP) gene [1] , is a transcription factor composed of 3,703 amino acid residues containing 1 ATPase A-motif, 2 DEAH box-like sequences, 4 homeodomains and 23 zinc finger motifs involved in transcriptional regulations and protein-protein interactions of cancer-related genes. A number of studies suggest that ATBF1 is a potential tumor suppressor gene. For example, it suppresses the expression of AFP oncoprotein by binding to the AT motif competitively with hepatocyte nuclear factor 1 (HNF1), and cooperates with p53 to activate the CDKN1A (p21) tumor suppressor resulting in cell cycle arrest [2] . In addition, ATBF1 regulates myoblastic differentiation and interacts with Myb to repress the transcriptional activity of this oncoprotein [3] . It also interacts with PIAS3 in suppressing oncogenic STAT3 signaling [3] . In prostate cancer, frequent somatic mutations were identified, and a germline mutation is significantly associated with an increased prostate cancer risk [4] .
In breast cancer, although few mutations were detected, ATBF1 undergoes frequent genomic deletion and transcriptional downregulation [5] [6] [7] , and ATBF1 mRNA expression is significantly associated with better patient survival [8] . There also appears to be an association between ATBF1 mRNA expression and ERα positivity in human breast tumors [8] . In characterizing the relationship between ATBF1 and estrogen-ERα signaling, we have identified an autoregulatory feedback loop between ATBF1 and estrogen-ERα signaling, which may play an important role in estrogen-dependent breast development and tumorigenesis [9, 10] . In this loop, while it inhibits the function of estrogen-ERα signaling by at least in part selectively competing for ERα binding with the steroid receptor coactivator and potent oncoprotein AIB1 [10] [11] [12] , ATBF1 protein levels are fine-tuned by estrogen-induced transcriptional upregulation and protein degradation [9] . We demonstrated that estrogen upregulated the transcription of ATBF1 by the direct binding of ERα onto its promoter and that the estrogen-responsive ubiquitin proteasome pathway (UPP) is involved in estrogen-induced ATBF1 protein degradation [9] . The deep mechanism for estrogeninduced ATBF1 protein degradation involving the UPP remains to be identified.
The UPP has emerged as a major player in fine-tuning protein levels in a variety of cellular processes. Protein degradation mediated by the UPP involves protein ubiquitination and subsequent proteasomal destruction [13] . Ubiquitination is operated by three critical enzymes, including the E1 ubiquitin-activating enzyme, E2 ubiquitin-conjugating enzyme (UBC) and E3 ubiquitin ligase [14, 15] . The UPP has been well implicated in estrogen-ERα signaling, primarily through regulating the expression of multiple E3 ubiquitin ligases [16] . The estrogen-responsive finger protein EFP is one such E3 ubiquitin ligase. It is a member of the RING finger family of E3 ubiquitin ligases identified by the binding of ERα onto its genomic sequence, the existence of a typical estrogen-responsive element (ERE), and its estrogen-dependent expression pattern in tissues [17, 18] . EFP is essential for estrogendependent cell proliferation [19] , and its protein expression positively associates with lymph node metastasis, ERα status, and poor prognosis of breast cancer patients [20] . Here, we show that EFP is an E3 ubiquitin ligase mediating estrogen-induced ATBF1 protein degradation, casting further light on the importance of ATBF1 in estrogen-dependent breast development and carcinogenesis.
Experimental Materials and Methods

Plasmids, reagents and cell lines
The plasmids of pCMV-ERα, FLAG-ATBF1, HA-ATBF1, HA-KLF5, HA-Ub and HAtagged ATBF1 protein deletion mutants were described previously [10, 21] . The plasmid of EFP in the vector pFLAG-CMV-2 was a gift from Dr. Dong-Er Zhang at the Scripps Research Institute [22] . The coding region of EFP was subcloned into the pcDNA3.1 vector to express EFP used in the ubiquitination analysis. Plasmids of FLAG-ATBF1D and FLAG-ATBF1F were obtained by subcloning ATBF1D and ATBF1F into the FLAG-pcDNA3 vector from HA-ATBF1D and HA-ATBF1F plasmids, respectively [10] . Plasmids for EFP deletion mutants were created by cloning PCR products into the FLAG-pcDNA3 vector with the EFP plasmid as the template. Primer sequences for creating EFP deletion mutants are listed in Table S1 .
The 17β-estradiol (E2), MG132, polyclonal anti-FLAG, anti-HA and anti-β-actin antibodies, monoclonal anti-FLAG M2 antibody, anti-HA affinity gel, and protease inhibitor mixture cocktail were purchased from Sigma. Monoclonal anti-ERα antibody was obtained from Upstate. Monoclonal anti-EFP antibody was obtained from BD Biosciences. Goat anti-rabbit second antibody was obtained from Cell Signaling Technology. Polyclonal anti-ATBF1 antibodies were described previously [10] .
Breast cancer cell lines MCF7 and T-47D and prostate cancer cell line 22Rv1 were purchased from American Type Culture Collection (Manassas, VA) and propagated following standard protocols from ATCC. For hormone-free experiments, cells were grown in phenol-free media supplemented with 5% dextran-charcoal-stripped fetal bovine serum (FBS, Hyclone) for 72 hours before seeding for experiments.
Gene expression analysis
Gene expression was quantified by real time PCR as described in our previous studies [23, 24] . Primer sequences for all the genes are listed in Table S2 .
RNA interference (RNAi) and plasmid transfection assays
RNAi against ATBF1 and EFP genes and ATBF1-specific siRNAs and the negative control siRNA against the luciferase gene were described previously [10] . A siRNA pool containing three EFP-specific siRNAs from the Santa Cruz Biotechnology company was used for RNAi against the EFP gene. Plasmid transfection assays were performed with Lipofectamine 2000 (Invitrogen) following the protocol recommended by the manufacturer.
Cycloheximide (CHX) chase assays
Cells were seeded into 12-well plates at a density of 2 × 10 5 cells per well 24 hours before transfection with different combinations of ATBF1, EFP and control plasmids in triplicate. Forty hours post-transfection, CHX chase assays were performed as described previously [9] .
Immunoprecipitation (IP) and western blot assays
IP and western blot assays were performed as described previously [10] .
In vivo ubiquitination assays
Cells grown in 100 mm dishes were transfected with plasmids of FLAG-ATBF1D or FLAG-ATBF1F, HA-Ub, pCMV-ERα or CMV-EFP or siRNA against EFP as indicated in figures. Forty hours post-transfection, cells were treated with MG132 at the final concentration of 20 μM for four hours. At the end of treatments, cells were washed twice with ice-cold PBS and then lysed in modified RIPA buffer [10] . Cell lysates were centrifuged to collect supernatants, which were then incubated with anti-FLAG M2 antibody overnight with rotation at 4°C. After washing three times with modified RIPA buffer, immunoprecipitates, together with cell lysates as input, were boiled for 10 minutes in the SDS-PAGE loading buffer, resolved in 10% SDS-PAGE gels, and then blotted with anti-HA-Ub, anti-FLAG, anti-ERα, anti-EFP and anti-β-actin antibodies, respectively, following standard western blot procedures.
Immunohistochemistry analysis of human primary breast tumors
Immunohistochemistry was performed on multiple tumor arrays prepared from 140 formalin-fixed, paraffin-embedded surgical specimens of breast cancer with anti-ATBF1 (1:400 dilution) and anti-EFP (1:400 dilution) antibodies, respectively. All tumor tissues dotted on the arrays were pathologically confirmed. The staining procedures followed the protocols recommended by the manufacturers and the preimmune sera were used as the negative control. The staining levels were scored with the modified McCarty's H-scoring system based on the percentage of positive cells and the staining intensity [25] . The staining was grouped as negative (−, H-score <50), weakly positive (+, H-score 50-100), moderately positive (++, H-score 100-200), and strongly positive (+++, H-score > 200).
Cell proliferation assays
Cell proliferation was analyzed as described previously [10] . Briefly, MCF7 and T-47D were seeded in 12-well plates at a density of 1 × 10 5 cells per well with (2-14 C)-thymidine added in media as an internal control. On the following day, after washed three times with media to remove unincorporated thymidine, MCF7 cells were transfected with siRNAs against ATBF1, EFP and luciferase genes, and T-47D cells with FLAG-ATBF1, FLAG-EFP and control plasmids as indicated in Figure 6 . Forty-eight hours after transfection, media were replaced with media containing (methyl-3 H)-thymidine. After being incubated for another four hours for thymidine incorporation, cells were washed three times with PBS and transferred onto glass microfiber filters (VWR Scientific) to measure 3 H and 14 C radioactivity in ScintiSafe Econo 1 solution (Fisher Scientific) using an LS 6500 multipurpose scintillation counter (Beckman Coulter). Rates of DNA synthesis were indicated by the ratio between 3 H and 14 C readings in each sample. The expression of ATBF1 and EFP proteins was monitored by western blot analysis.
Statistical Analysis
Statistical analysis was performed using SAS and SPSS software packages to compare differences among different groups as indicated in figure legends, and P < 0.05 was considered statistically significant.
RESULTS
The estrogen-responsive E3 ubiquitin ligase EFP mediates ATBF1 protein degradation
We demonstrated that ATBF1 protein was degraded by estrogen-induced UPP [9] . Estrogens function mainly by regulating the expression of a variety of ERα target genes [26] . We hypothesized that ATBF1 protein degradation by estrogen-induced UPP should be mediated by certain estrogen-responsive E3 ubiquitin ligases that can specifically recognize, ubiquitinate and degrade ATBF1 protein. While ATBF1 is implicated in suppressing estrogen-dependent cell proliferation [9, 10] , the estrogen-responsive E3 ubiquitin ligase EFP is an essential factor for estrogen-dependent cell proliferation [19] . Therefore, we tested whether EFP could mediate the degradation of ATBF1 protein. We first applied RNAi to knock down EFP expression and found that knockdown of EFP expression significantly increased ATBF1 protein levels in MCF7 cells ( Figure 1A ). We then coexpressed EFP and ATBF1 and analyzed their protein expression. Coexpressed EFP dramatically reduced ATBF1 protein levels ( Figure 1B ).
As shown in our previous results, reconstituted estrogen-ERα signaling in 22Rv1 cells dramatically caused ATBF1 protein degradation [9] , suggesting that the reconstituted estrogen-ERα signaling induces the expression of certain E3 ubiquitin ligases for ATBF1 degradation. We examined whether EFP could be induced by the reconstituted estrogen-ERα signaling in 22Rv1 cells and found that both EFP protein and mRNA could be significantly induced by the reconstituted estrogen-ERα signaling (Figure S1A and S1B). We also tested the role of some other estrogen-responsive E3 ubiquitin ligases, including SKP2, Cul-4A, E6-AP, EFP, BCA2, MDM2, and RNF11, in the estrogen-induced ATBF1 protein degradation and none of them were responsible for estrogen-induced ATBF1 protein degradation (data not shown).
To further determine whether EFP reduces ATBF1 protein levels through protein degradation, we performed CHX chase assays. Even when protein synthesis was inhibited, EFP still significantly decreased ATBF1 protein levels ( Figure 1C and 1D). These results suggest that the estrogen-responsive E3 ubiquitin ligase EFP mediates estrogen-induced ATBF1 protein degradation, although we cannot rule out the involvement of other E3 ligases.
EFP interacts with ATBF1 protein
Protein interaction between an E3 ubiquitin ligase and its substrate is required for protein degradation in the UPP [15] . To further investigate whether EFP is an E3 ubiquitin ligase for ATBF1 protein degradation, we examined whether EFP and ATBF1 co-existed in the same protein complex. 22Rv1 cells were cotransfected with expression constructs for HA-ATBF1 and FLAG-EFP, and subjected to IP with anti-HA affinity gel and western blotting with anti-FLAG antibody. EFP protein was efficiently precipitated in ATBF1 and EFP cotransfected cells, but not in control cells transfected with an empty vector and EFP plasmid (Figure 2A ). These results indicate that EFP and ATBF1 proteins exist in the same protein complex in transfected cells. We then performed IP with anti-ATBF1 antibody in MCF7 cells, which also express higher levels of ATBF1 protein, and western blotting with anti-EFP antibody. Endogenous EFP was clearly detected in the protein complexes precipitated with anti-ATBF1 antibody ( Figure 2B ). KLF5 is a bona fide EFP-interacting protein [27] , and its interaction with EFP was used as the positive control in the IP experiments (Figure 2A and 2B). Taken together, these results further show a protein interaction between EFP and ATBF1.
To map the domains mediating the interaction between EFP and ATBF1, we performed co-IP in 22Rv1 cells transfected with FLAG-EFP and HA-tagged ATBF1 protein deletion mutants or with HA-ATBF1 and FLAG-tagged EFP protein deletion mutants. Among six overlapping deletion mutants that span the entire ATBF1 protein, including ATBF1A to ATBF1F, ATBF1D and ATBF1F interacted with EFP but ATBF1A, ATBF1B, ATBF1C or ATBF1E did not ( Figure 2C and S2A; Table 1 ). To further narrow the interaction regions in ATBF1D and ATBF1F, we then examined the interaction of smaller deletion mutants with EFP. After two rounds of deletion mapping, three independent small deletion mutants still showed interactions with EFP ( Figure 2C and S2B-D; Table 1 ), including ATBF1D3 (residues 1800 to 1950), ATBF1D6 (residues 2101 to 2300) and ATBF1F1 (residues 3001 to 3450). Further deletion of these mutants abolished their interactions with EFP. To map minimal EFP domains mediating the interaction with ATBF1, we first divided the whole EFP protein into two deletion mutants: EFPN containing the RING finger domain and EFPC containing the B-box-coiled-coil domain and a SPRY domain considering that the B-boxcoiled-coil domain in RING proteins acting as E3 ubiquitin ligases is often involved in the interaction with their substrates [19] . EFPC strongly interacted with ATBF1, but not EFPN ( Figure 2D and S3A). Next, we divided EFPC into three deletion mutants: EFP1 containing the B1 and B2 boxes, EFP2 containing the B2 box and the coiled-coil domain and EFP3 containing the SPRY domain. EFP1 and EFP2 bound to ATBF1, but not EFP3 ( Figure 2D and S3B). When EFP1 was further divided into EFP4, EFP5 and EFP6, its interaction with ATBF1 was abolished ( Figure 2D and S3C ). EFP4 and EFP5 contain the B1 box and EFP6 contains the B2 box. Further deletion of EFP2 showed that EFP7 and EFP10 containing the intact coiled-coil domain interacted with ATBF1, but not EFP8 and EFP9, which disrupts the coiled-coil domain ( Figure 2D and S3C-D). Taken together, EFP1 containing the B1 and B2 boxes and EFP10 containing the intact coiled-coil domain are minimal interacting domains of EFP with ATBF1, indicating that the B-box-coiled-coil domain is sufficient for mediating the interaction of EFP with ATBF1. The B-box-coiled-coil domain also mediates the interaction of EFP with other substrates [19] . These data further confirm the interaction and identify the domains mediating the interaction between EFP and ATBF1.
EFP promotes the ubiquitination of ATBF1 protein
Ubiquitination is a key step in protein degradation by the UPP, which is completed by the E3 ubiquitin ligase [15] . To further characterize the role of EFP in the degradation of ATBF1 protein, we investigated whether EFP could promote the ubiquitination of ATBF1 protein. Considering the huge size of the ATBF1 protein (3,703aa, ~400 kDa), which makes it challenging to analyze any ATBF1 modifications with the full-length protein in SDS-PAGE gels, we used ATBF1D and ATBF1F, which mediate the interaction of ATBF1 with EFP, for the ubiquitination analysis. Plasmids of FLAG-ATBF1D (or FLAG-ATBF1F), CMV-EFP and HA-tagged ubiquitin (HA-Ub) were cotransfected into 22Rv1 cells. After treatment with MG132 at a final concentration of 20 μM for four hours, cells were subjected to IP with anti-FLAG antibody overnight, and ubiquitinated ATBF1D or ATBF1F proteins were detected by immunoblotting with anti-HA antibody. As shown in Figure 3 (A) and 3(B), a significantly higher level of smear of HA-Ub-modified ATBF1D and ATBF1F proteins was detected in EFP-expressing cells compared to cells without EFP expression. Without EFP expression, cotransfected ubiquitin could cause weaker ubiquitination of both ATBF1D and ATBF1F ( Figure 3A and 3B ), suggesting that EFP is not the only factor for ATBF1 ubiquitination. These results suggest that EFP can ubiquitinate ATBF1 protein, supporting the role of EFP in ATBF1 protein degradation.
Since we showed that ATBF1 protein was degraded by estrogen-induced UPP [9] , based on which EFP was identified, we next investigated whether estrogen could induce the ubiquitination of ATBF1 protein and the role of estrogen-induced EFP expression in the ubiquitination. 22Rv1 cells grown in normal media were cotransfected with siRNAs and plasmids of FLAG-ATBF1D (or FLAG-ATBF1F), pCMV-ERα and HA-Ub, and subjected to IP with anti-FLAG antibody and western blotting with anti-HA antibody. We found that estrogen significantly induced the ubiquitination of ATBF1 protein ( Figure 3C and 3D) . When the estrogen-induced EFP expression was simultaneously knocked down, however, the estrogen-induced ATBF1 protein ubiquitination was significantly reduced ( Figure 3C  and 3D ), suggesting the role of EFP in estrogen-induced ATBF1 protein degradation.
ATBF1D and ATBF1F deletion mutants were identified as the domains that interacted with EFP to mediate estrogen-induced ATBF1 protein degradation
We demonstrated that both ATBF1 protein degradation by estrogen and protection by MG132 had a dose-and time-dependent manner [9] . To further confirm that EFP mediates estrogen-induced ATBF1 protein degradation, we then investigated whether ATBF1D and ATBF1F were degraded by estrogen and protected by MG132 as ATBF1. ATBF1D or ATBF1F was cotransfected with ERα into 22Rv1 cells grown in hormone-free media. Forty hours post-transfection, cells were treated with different concentrations or different times of the same concentration of E2. Dose-dependent protein degradation by estrogen was detected for both ATBF1D and ATBF1F ( Figure 4A ). Treatment of E2 at 1 μM for 0-24 hours showed time-dependent protein degradation of ATBF1D and ATBF1F in the same cell system ( Figure 4B ). While ATBF1D and ATBF1F were degraded by estrogen in a dose-and time-dependent manner, the expression of EFP protein was simultaneously induced by estrogen in a dose-and time-dependent manner ( Figure 4A and 4B) , consistent with the role of EFP in estrogen-induced ATBF1 protein degradation. In 22Rv1 cells cotransfected with ERα and ATBF1D or ATBF1F and treated with 1 μM of E2, we also added MG132 at 0-40 μM for four hours or at 20 μM for 0-8 hours, and dose-and time-dependent protein protection from estrogen-induced degradation was detected again for both ATBF1D and ATBF1F ( Figure 4C and 4D) . These results reveal that EFP-interacting domains in ATBF1 could be degraded by estrogen and estrogen-induced EFP and protected by MG132 as ATBF1, and further support the role of EFP in estrogen-induced ATBF1 protein degradation.
EFP is an important factor mediating estrogen-induced ATBF1 protein degradation
To weigh the importance of EFP in estrogen-induced ATBF1 protein degradation, we compared the degradation of ATBF1 protein between estrogen and EFP. Using 22Rv1 cells grown in hormone-free media and transfected with ERα and each of 19 ATBF1 deletion mutants ( Figure 2C) following treatments with E2, we found that estrogen degraded nine ATBF1 deletion mutants, including ATBF1D, ATBF1F, ATBF1D1, ATBF1F1, ATBF1D3, ATBF1D5, ATBF1D6, ATBF1D7 and ATBF1F6 (Table 1; Figure S4A ). Using 22Rv1 cells transfected with EFP and each of the 19 ATBF1 deletion mutants, we found that EFP degraded six ATBF1 deletion mutants, including ATBF1D, ATBF1F, ATBF1D1, ATBF1F1, ATBF1D3 and ATBF1D6 (Table 1; Figure S4B ). The bigger ATBF1 deletion mutants that could be degraded by estrogen were also degraded by EFP, including ATBF1D, ATBF1F, ATBF1D1 and ATBF1F1 (Table 1; Figure S4 ). Neither estrogen nor EFP degraded the other bigger ATBF1 deletion mutants, including ATBF1A, ATBF1B, ATBF1C, ATBF1E, ATBF1D2 and ATBF1F2 (Table 1; Figure S4 ). The bigger ATBF1 deletion mutants which were degraded by both estrogen and EFP also interacted with EFP ( Figure 2D and S2; Table 1 ). For the nine smaller ATBF1 deletion mutants, including ATBF1D3, ATBF1D4, ATBF1D5, ATBF1D6, ATBF1D7, ATBF1F3, ATBF1F4, ATBF1F5 and ATBF1F6, estrogen could degrade ATBF1D3, ATBF1D5, ATBF1D6, ATBF1D7 and ATBF1F6, but EFP only interacted with and degraded ATBF1D3 and ATBF1D6 (Table 1; Figure S4 ). Although they were degraded by estrogen, ATBF1D5, ATBF1D7 or ATBF1F6 did not interact with and were not degraded by EFP (Table 1 ; Figure S4 ). There was no ATBF1 deletion mutant interacting with and degraded by EFP but not degraded by estrogen. Taken together, these data suggest that EFP is an important factor in estrogen-induced ATBF1 protein degradation, and there are some other factors also responsible for estrogen-induced ATBF1 protein degradation, consistent with ubiquitination data (Figure 3 ).
Correlation between ATBF1 and EFP protein levels in human breast tumors
As direct target gene products of estrogen/ERα, the expression of EFP and ATBF1 proteins is demonstrable in normal mammary glands and breast cancer [8, 20] . EFP was a significant prognostic factor for breast cancer and patients with higher levels of EFP protein had a worse prognosis [20] . ATBF1 was an independent prognostic factor for disease-free survival and patients expressing high levels of ATBF1 had a better prognosis [8] . To explore whether ATBF1 protein is degraded by EFP, we concomitantly analyzed their expression in 140 breast tumors from different patients by immunohistochemistry. The expression of EFP and ATBF1 proteins is shown in Figure 5 (A) and summarized in Table 2 . ATBF1 protein expression appeared not to negatively correlate with EFP protein expression (Table 2) . Instead, most tumors expressing higher levels of EFP protein also expressed higher levels of ATBF1 protein (Table 2 ). Both EFP and ATBF1 proteins were positively associated with ERα positivity, while the association of EFP protein with ERα positivity was more significant than ATBF1 protein ( Figure 5B ). Statistical analysis with the SAS software found a positive correlation between the expression of ATBF1 and EFP proteins with a Spearman correlation coefficient of 0.31495 (P < 0.05, Table 2 ; Figure 5C ). However, the ratio between ATBF1 protein to EFP protein was negatively associated with the EFP protein expression levels with a Spearman rank correlation coefficient of −0.52493 (P < 0.0001, Table 2 ; Figure 5D ), indicating that more EFP protein, greater ATBF1 protein degradation. These results not only support previous results that both EFP and ATBF1 are direct upregulated target gene products of estrogen/ERα [8, 20] , but also indicate the role of EFP in estrogen-induced ATBF1 protein degradation.
ATBF1 antagonizes EFP-mediated breast cancer cell proliferation
As direct target gene products of estrogen-ERα signaling, EFP is essential for estrogendependent breast cancer cell proliferation but ATBF1 inhibits estrogen-dependent breast cancer cell proliferation [9, 10, 18, 19] . In this study, we revealed that EFP mediated estrogen-induced ATBF1 protein degradation. It is therefore possible that ATBF1 can antagonize EFP-mediated breast cancer cell proliferation. To that end, we knocked down the expression of EFP and ATBF1 in MCF7 cells, which express a substantial level of both ATBF1 and EFP proteins ( Figure 6C, [10, 19] ), and analyzed cell proliferation. Knockdown of EFP expression significantly reduced cell proliferation by 50% ( Figure 6A) , consistent with the results of a previous study [19] . When ATBF1 was co-knocked down, however, the reduction of cell proliferation by EFP knockdown was significantly attenuated by 56% ( Figure 6A ). We also reconstituted the expression of EFP and ATBF1 in T-47D cells, which express detectable EFP but not ATBF1 protein ( Figure 6C ), and analyzed cell proliferation. Overexpression of EFP significantly promoted cell proliferation by 80% ( Figure 6B ). When ATBF1 was co-reconstituted, however, the promotion of cell proliferation by EFP overexpression was significantly attenuated by 28% ( Figure 6B ). Knockdown by RNAi and overexpression by plasmids of ATBF1 and EFP were monitored by western blot analysis ( Figure 6D and 6E) . These results not only show that ATBF1 antagonizes EFP-mediated breast cancer cell proliferation, but provide another mechanism for how ATBF1 inhibits estrogen-dependent breast cancer cell proliferation [10] . These results also functionally argue the degradation of ATBF1 protein by EFP.
Discussion
In our previous studies, we showed that ATBF1 formed an autoregulatory feedback loop with estrogen-ERα signaling to regulate estrogen-dependent cell proliferation [9, 10] . ATBF1 inhibits estrogen-ERα signaling while estrogen upregulates ATBF1 transcription but degrades its protein through estrogen-induced UPP. In this study, we examined different estrogen-responsive E3 ubiquitin ligases for their role in estrogen-induced ATBF1 protein degradation and demonstrate that EFP, an ERα target gene product [17, 28] , is responsible for estrogen-induced ATBF1 protein degradation.
EFP is a well-established downstream target gene of estrogen-ERα signaling [18, 29] . The expression of EFP mRNA and protein can be efficiently induced in response to estrogen treatment in human breast cancer cells and positively associated with ERα expression status in human primary breast cancer tumors [17, 20] . EFP protein belongs to the RING-finger-B box-coiled coil (RBCC) motif family and many members of the family function as E3 ubiquitin ligases in UPP-mediated protein degradation. EFP was identified as an E3 ubiquitin ligase by the findings that it could ubiquitinate and degrade substrates such as 14-3-3 sigma and DDX58 [19, 30] . We found that the reconstitution of estrogen-ERα signaling in ERα-negative cells significantly induced EFP expression accompanying ATBF1 protein degradation ( Figure S1 and 4) . Coexpression of EFP significantly decreased ATBF1 protein levels but knockdown of EFP increased ATBF1 protein levels (Figure 1) . In vitro and in vivo experiments demonstrated that EFP formed a complex and directly interacted with ATBF1 protein (Figure 2 ). On the other hand, EFP significantly promoted the ubiquitination of ATBF1 protein as estrogen-ERα signaling (Figure 3 ). The domains in ATBF1 protein mediating its interaction with EFP were also degraded by both EFP and estrogen-ERα signaling and protected from degradation by the UPP inhibitor (Figure 4 , 5 and S4; Table 1 ). These findings show that EFP is an E3 ubiquitin ligase responsible for estrogen-induced ATBF1 protein degradation.
More evidence for EFP as an E3 ubiquitin ligase for estrogen-induced ATBF1 protein degradation came from the expression analysis between EFP and ATBF1 proteins in human primary breast tumors ( Figure 5 ). Both EFP and ATBF1 are target genes of estrogen-ERα signaling [9, 18] . When estrogen-ERα signaling is activated, the expression of EFP and ATBF1 can be upregulated at the same time [9] . In agreement with this observation, a positive correlation between the expression of ATBF1 and EFP proteins was identified. The greater degradation of ATBF1 protein by high levels of EFP (Figure 1-5, [9] ) is a potential mechanism for the negative association between the ratio of ATBF1 to EFP protein and the EFP protein levels.
EFP plays an essential role in promoting estrogen-dependent breast development and tumorigenesis [19, 28] . Loss-of-function of EFP attenuates responses to estrogen and significantly decreases estrogen-dependent cell growth and proliferation in epithelial cells [28] . In MCF7 cells, knockdown reduces but overexpression of EFP enhances tumor xenograft formation in athymic mice [19] . Overexpression of EFP also makes MCF7 cells estrogen-independent, as EFP-overexpressing MCF7 cells form tumors in the absence of estrogen [19] . In human breast cancer, EFP is not only overexpressed, but its expression is positively associated with lymph node metastasis and poor prognosis of breast cancer patients [17, 20, 31] . Conversely, ATBF1 is frequently inactivated in human breast cancer and can significantly inhibit breast cancer cell growth and proliferation [7, 8, 10] . ATBF1 mRNA expression was an independent prognostic factor for disease-free survival and patients expressing high levels of ATBF1 mRNA had a better prognosis [8] . Moreover, knockout of ATBF1 in mice significantly increases cell proliferation of mammary epithelial cells and enhances mammary gland duct branching [10] . These observations in breast development and tumorigenesis are consistent with our findings that EFP mediates the degradation of ATBF1 protein. Our functional analysis in breast cancer cells further showed that ATBF1 and EFP antagonized each other in the control of cell proliferation ( Figure 6 ).
There appears to be an autoregulatory feedback loop involving ATBF1, estrogen-ERα signaling and EFP (Figure 7 ). In this loop, estrogen-ERα signaling fine-tunes the ATBF1 protein level by upregulating its transcription but degrading its protein through the simultaneous upregulation of EFP. Meanwhile, ATBF1 imposes constraints preventing estrogen-ERα signaling from overactivation. Considering the respective critical roles of ATBF1, estrogen-ERα signaling and EFP in breast development and tumorigenesis, we suggest that this autoregulatory feedback loop is essential in estrogen-dependent breast development and tumorigenesis. In normal breast epithelial cells, the autoregulatory feedback loop can normally run to regulate breast development since estrogen concentration, ERα status and the expression of ATBF1 and EFP are all under proper control in multiple cascades of levels [32] [33] [34] [35] [36] [37] . In the initiation and progression of breast cancer, however, the autoregulatory feedback loop becomes a causal factor of breast cancer through overactivation of estrogen-ERα signaling, overexpression of EFP and inactivation of ATBF1 [6-8, 19, 20, 31, 38-40] . The overactivation of estrogen-ERα signaling, overexpression of EFP and inactivation of ATBF1 turn the autoregulatory feedback loop into a vicious circle, consequently contributing to the initiation and progression of breast cancer. We are currently testing the role of the autoregulatory feedback loop in estrogendependent breast development and tumorigenesis by using ATBF1 knockout mice combined with ERα knockout mice in different estrogen environments.
In summary, our findings in this study establish EFP as the first E3 ubiquitin ligase of ATBF1 and suggest the importance of ATBF1 in estrogen-dependent breast development and tumorigenesis. Overexpression of EFP shortened the half-life of ATBF1 protein in 22Rv1 cells as determined by CHX chase assay. Western blotting was applied to detect protein expression (C), and band intensities for ATBF1 protein in both EFP and control (Con) groups were determined by the Image J program and plotted over times of treatment, with the readings at the "0" time point defined as 100% and others normalized accordingly (D). * P < 0.01; ** P < 0.005 when compared to their control counterparts.
Figure 2. Evaluation of protein interaction between ATBF1 and EFP by immunoprecipitation (IP) combined with western blotting
(A) 22Rv1 cells were cotransfected with FLAG-EFP and HA-ATBF1 or HA-KLF5 plasmids, and cell lysates were precipitated with anti-HA affinity gel and blotted with anti-FLAG antibody. (B) Cell lysates from MCF7 cells were precipitated with anti-ATBF1 (aATBF1) or anti-KLF5 (aKLF5) antibody and blotted with anti-EFP antibody (aEFP). (C) Summary of mapping results for the interactions of different deletion mutants of ATBF1 protein with EFP protein as determined by co-IP and western blotting. Full-length ATBF1 protein (residues 1-3703) is shown at the top, with zinc finger motifs marked by blank lozenges, DEAH box-and DEAD box-like sequences by blank rectangles, homeodomains by solid rectangles, and ATP-binding site by a solid circle. (D) Summary of mapping results for the interaction of different EFP deletion mutants with ATBF1 protein. Full-length EFP protein is shown at the top with different domains indicated. For panels (C) and (D) black and white bars indicate positive and negative interactions between ATBF1 and EFP, respectively, with the name of the mutant and residues spanned shown to the right of each bar. Results of co-IP and western blotting for (C) and (D) are shown in Figure S2 and S3, respectively.
Figure 3. Ubiquitination of ATBF1D (A, C) and ATBF1F (B, D) induced by EFP and estrogen-ERα signaling
Plasmids for HA-Ub, FLAG-ATBF1D or FLAG-ATBF1F, EFP or ERα and siRNAs against EFP or the luciferase gene were cotransfected into 22Rv1 cells as indicated on the top of each panel, and MG132 treatment was applied for four hours. Cell lysates were subjected to co-IP combined with western blotting (image at the top of each panel) or western blotting alone (lower 5 images in each panel) with the indicated antibodies. Plasmid for ATBF1D or ATBF1F was transfected into 22Rv1 cells, which were then treated with different concentrations of E 2 for 24 hours (A), or different times of 1 μM of E 2 (B), and with 1 μM of E2 for 24 hours followed by different concentrations of MG132 for 4 hours (C) or with 20 μM of MG132 for different times (D). Western blotting was performed to examine protein expression, and β-actin served as the loading control for each gel. 
